Lippia (Phyla canescens) is an invasive, non-native plant prevalent in the Australian Murray-Darling river system that is considered detrimental in terms of lost agricultural production and environmental damage. This weed predominantly spreads as clonal fragments during floods and its growth rate is strongly related to soil moisture content. We use stage structured integro-difference equations to model the dispersal of reproductive units (clonal fragments and seeds) and explore the effects of flood length and height on spatial spread rates of the weed.
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seed bank. Plant fragments are spread down the river with an exponential distribution [9] , and seeds are scattered radially using a mixed exponential/Gaussian distribution including long distance dispersal. The model contains numerous parameters governing growth rates, dispersal proportions, distances and terrain height. We do not attempt to analyse the effect of every parameter but instead keep most parameters constant using available experimental data [10, 11] , and vary only the flood length and flood height-key parameters influenced by climate change. Whereas previous studies looked at spreading weeds, there have been no studies on the effect of flood duration and intensity on the weed propagation, particularly when the weed species has a growth rate strongly dependent on water level, as is the case here. For simplicity we choose a uniform terrain with a linear terrain profile and a single river extending through the centre of the domain as shown in Figure 1 . While we can simulate spread on real terrains and rivers, this preliminary study is focused on exploring the approximate behaviour of flood induced spread, without complications from the variabilities of real terrains, and is unique in considering the interaction of flood induced spread and terrain.
The model
Under future climate change the frequency and intensity of extreme flood events in Australia is predicted to change [3] . Here we investigate the effect of these two parameters on Lippia spread, whose main spread mechanism is via flooding. Obtaining a better understanding of the relationship between spread rate and flood intensity will allow better resource use in containing potential outbreaks.
A key parameter affecting Lippia performance is the dependence of growth rate on moisture level in relation to the soil surface [12, 13] . Combining experimental results [14, 15] a growth rate is found as a function of water depth as indicated in Figure 2 . We reasonably extend the quadratic relationship to C362 Figure 1 : Schematic of weed spread down a simulated river system. Weeds initially occur at the top of the river, which flows from top to bottom. The finite discretisation and scale of the region is also shown. include a small growth rate under dry conditions-when there is a small level of plant growth dependent on base rainfall levels [10, 11] , and a zero growth rate for high water levels, when the depth of water effectively drowns the plants. During severe drought conditions, growth rates would drop to zero. Negative water depth indicates water level below the soil surface. Where possible other parameters are derived from limited empirical data [10, 11] although some parameters were estimated to give realistic results where data was unavailable. Our aim is not to give exact predictions for weed spread, but to investigate qualitative overall behaviour for the spread of weeds with reasonably physical properties similar to Lippia.
The density of Lippia, denoted by N 1 (x, y, t), is measured as the number of branches per square metre, [br/m 2 ], with these being re-dispersed along C364 the river using an exponential dispersal kernel [4] :
where x, y is the spatial position, s ≡ (x, y) and s ≡ (x , y ) are distances along the river, and dt is the time discretisation. The dispersal kernel is a decaying exponential distribution [9] ,
with s the distance along the river, s 0 is assumed a linear function of the flood strength so that dispersal speed ranges from 700 m/month for no flood up to 1700 m/month for a flood of height 5 m. These values are estimates only as little experimental data is currently available. During a flood, fragments are spread evenly across the river. Seeds, denoted N 2 (x, y, t) [sd/m 2 /month], are produced according to
with c 1 ≈ 100 seeds/month/branch assumed constant and N m = 20 br/m 2 the carrying capacity. This expression for N 2 was chosen since for N *
, seed production is proportional to number of branches, but as N * 1 → N m then N 2 → c 1 N m ; that is, there is not a linear increase in seed production per plant density when the plants reach carrying capacity due to a reduction in available resources to the plant. These seeds, N 3 , are distributed by a two-dimensional dispersal kernel K 2 (dr):
where dr ≡ (x − x ) 2 + (y − y ) 2 is the distance between the plant and the seed deposition point. The kernel is a mix of local Gaussian dispersal, C365 a long-tailed exponential dispersal, and a delta function representing seeds which simply fall beneath the plant [16, 17] . Hence
where r 1 = 400 m is the typical distance seeds travel by exponential dispersal, r 2 = 80 m the typical distance spread by Gaussian dispersal, and c 2 = 0.4 , c 3 = 0.1 and c 4 = 0.5 are the proportions of seeds in each type of dispersal. These dispersed seeds are added to a seed bank, N 4 (x, y, t) [seeds/m 2 ]:
where c 5 = 0.2 month −1 represents a death rate of the seeds in the bank, the N 3 term represents new seeds being deposited, c 6 = 0.02 month −1 represents seeds which germinate into seedlings during a flood and we estimate c 6 = 0.005 month −1 to represent seed germination rate without a flood. The number of seedlings
where dt 1 = 1 month is the time taken for seeds to germinate into seedlings. The death rate and maturation rate of seedlings is, for simplicity, factored into the constant c 6 . The equation for mature plants, which die and grow according to commonly used logistic laws, is
where N m ≈ 20 branches/m 2 is the maximum carrying capacity of the plant, c 9 ∈ [0, 1.4] month −1 is the growth rate which varies with water level (Figure 2) , c 10 = 0.02 month −1 is the death rate and dt 2 = 1 month is the time delay for seedlings to mature into seeds.
All the constants c 1 to c 10 may vary in space and time although for simplicity all are taken as constant apart from the growth rate c 9 which C366 is strongly dependent on water depth and has the quadratic form shown in Figure 2 , and c 6 which has different values during flood events. In Table 1 the various parameters are summarised. This exploratory work is designed not to accurately measure Lippia spread for a given region, but to give indications of the approximate behaviour of species spread which can then be used to refine experimental data collection. A more complete study, including parameter sensitivity analysis and direct application to regions with full experimental data, is the subject of further research.
A flood is modelled by considering a terrain which rises uniformly as shown in Figure 3 . Shown on this figure is the base river height of 0.5 metres, and a typical flood height of 2 metres. For simplicity, during a flood the river is assumed to rise and fall quadratically as shown in Figure 4 , although simulations show the precise form for this rise and fall is not critical.
The numerical simulation here assumes an area of [6000,10000] metres in C367 the [x, y] directions discretised to [20, 80] grid points. This is illustrated in Figure 1 and is seen in Figure 5(a) . The river runs in the y direction with the an initial distribution of plants at one end, N 1 = 10 branches/m 2 over an area of 2.1 × 10 6 metres 2 along the river. Time is discretised weekly and simulations run for 100 weeks. All floods begin in week 8 and have a length ranging from zero to 20 weeks. Flood height is varied from zero to 4.5 metres above normal river level. The simulation evaluates the number of plants in each grid at each time step (usually one week). Weeds and seeds are dispersed according to the rules outlined earlier, with river dispersal occurring before seed dispersal. The system is then time-stepped until termination. The simulation is part of a larger package, PlantSim [8] we developed to simulate weed spread in a variety of terrain using any number of different simulation options. The routines were tested for time and space accuracy, against known exact solutions, and for self consistency by comparing different simulation options. Figure 5 shows plant mass contours for a typical simulation (flood height of 1.5 m, flood length of 14 weeks). Figure 5a shows the initial plant mass with the river running vertically down through the centre of the plants. Figures 5b  and 5c show times t = 7 and t = 19 weeks respectively, when the fragments have started moving down the river and then when the flood has begun, spreading plants laterally across the river, but also drowning plants in the centre. This leads to a concentration of plants on the edges of the river. However, as the flood recedes, the exposed water-saturated land promotes a large growth of plants which then rapidly reach carrying capacity and spread down the river as fragments, as shown in Figure 5d at t = 43 weeks.
Results
The total plant mass for floods of length between 0 and 30 weeks and constant height 2 m is shown in Figure 6 . Initially there is an exponential rise as plants grow and then spread. The flood then kills off a number of plants due to the high death rate when plants are over-submerged. However, after the flood has subsided there is an almost linear rise in plant mass as the plant spreads down the river at near saturation level. As expected the no-flood case has a different behaviour since the flood spreads and saturates the region, allowing plants to reach carrying capacity in the region around the river.
During a flood there are competing influences: a flood propagates and spread the weed; but too long or high a flood and weeds are drowned. In Figure 7 the total plant mass at time t = 100 weeks (after the floods have finished) versus the two main parameters of flood length and height are shown. The results indicate that there is an optimal length (13 weeks) where 
Conclusion
We investigated the effect of flood length and height on the spread of an invasive weed, choosing parameters typical of Lippia spread in the MurrayDarling system. Floods, while helping to propagate the plants, can also drown them, and these competing effects give an optimal flood length for maximum spread. Even a small flood can greatly increase the spread of the weed, and give rise to vastly different behaviour to that of a no-flood case. Further work will continue to refine data collection, prior to conducting a sensitivity analysis of all parameters to explore interactive behaviours within the system. While accurate predictive results are not possible, given the lack of data in which to assign parameter values, general trends have been identified which will be further explored both numerically and experimentally.
